This paper proposes a new model for multi-area dynamic economic dispatch (MA-DED) problem, taking into account hydro-thermal generating units, wind power generation and power pool market, for supplying the overall demand of the system for a given horizon. The uncertainties in wind power generations, energy prices and demand of the system are also modeled to make the proposed approach more practical in case of real-time operation of practical power systems. Scenario based approach is adopted for uncertainty modeling. In order to make the proposed MA-DED applicable in real-time operation of power systems, optimality condition decomposition technique is employed along with parallel computation ability. The proposed approach is examined on a three-area interconnected power network, to demonstrate its applicability for real-time scheduling of joint thermal and undispatchable renewable energy resources.
L a h (t) Reservoir volume of hydro unit h at time t and in area a, (in million m 3 ).
I a h (t) Water inflow for the reservoir of hydro unit h at time t and in area a, (in million m 3 ).
R a h (t) Released water for the reservoir of hydro unit h at time t and in area a, (in million m 3 ).
S a h (t) Spilled water for the reservoir of hydro unit h at time t and in area a, (in million m 3 ).
R a h,max
Maximum released capacity per hour for the reservoir of hydro unit h, (in million m 3 ).
T C Total costs ($).
OF Total benefit ($).
I. INTRODUCTION
Electric power networks are usually large-scale and multi-area systems with several tie-lines. The purpose of multi-area dynamic economic dispatch (MA-DED) is to find the optimal schedule of power generation resources for a given horizon, while the demand of each area is supplied as well as satisfying the technical constraints. Different approaches have been proposed for solving the MA-DED problem in the literature.
The approach introduced in [1] , presents a method for solving the MA-DED, which considers various constraints like, tie line flow limits, area demand and reserve requirement constraints. In [2] , the proposed adaptive Lagrange relaxation approach incorporates the power contracts and reliability must-run contracts, into the problem. Another Lagrange relaxation approach is proposed in [3] which considers the transmission network using a DC-flow model. The impact of transmission losses are considered in [4] . Heuristic based methods [5] - [7] , and generalized Benders decomposition [8] have been proposed to deal with multi-area unit commitment problem. MA-DEDs usually include constraints like power balance in each area, tie-lines capacity constraints, tie-lines security [9] and reserve constraints [6] .
A. Motivations
In recent years, the use of renewable energy resources is given a great deal of attention due to environmental concerns. With the increased penetration of renewable energy in electric power systems, more operating issues are revealed [10] . Most of these issues are related to the uncertain primary sources of these technologies [11] like wind speed, solar radiations and etc.
The volatile nature of wind power generation is an important issue which should be considered in DED formulation properly. On the other hand, there are other uncertain parameters such as pool market prices and load profile, which make the MA-DED a complicated stochastic optimization problem. A comprehensive method is needed to model the aforementioned uncertainties which should be able to solve the DED problem in a real-time environment. This is the shortage that this work tries to overcome.
B. Contributions
In this paper, a new model for MA-DED problem is proposed by considering uncertainties in wind power generation, pool market prices and demand of each area. Thermal and hydro generation units, wind power generation, and pool market are considered in the proposed MA-DED. Uncertainties are modeled by scenario based approach [12] (see Appendix A-A). In order to make the proposed MA-DED approach applicable in real-time environment, optimality condition decomposition (OCD) technique [13] is utilized to decompose the overall MA-DED problem into several area-based DEDs (i.e. one DED for each area) with lower dimensions.
The main feature of the OCD approach is that the resultant DED problems are independent, and hence by utilizing parallel computation ability the solution-time reduces considerably, such that the proposed approach would be suitable for real-time operation of practical multi-area power systems.
C. Paper organization
The rest of this paper is organized as follows: Section II presents the probabilistic MA-DED problem formulation. The OCD technique is explained in Section III. Simulation results are given in section IV and finally, Section V concludes the paper.
II. PROBABILISTIC MA-DED PROBLEM FORMULATION

A. Assumptions
The retailer is paid a fixed price for each MWh which sells to the customers. It has four options for supplying the demand of its customers namely: pool market, hydro power generation, thermal generating units and finally the wind power generation.
B. Uncertainty modeling of wind power generation, electricity demand and electricity price
The output power schedule of a wind turbine basically depends on wind speed in the area which wind turbine is installed. The variations of wind speed make the generated power volatile. In this paper, the variation of wind speed is stochastically modeled. It is assumed that the probability density function of wind speed is known and then using the approach proposed by [14] , it is divided into several discrete scenarios with known probabilities (see Appendix A-B for more details). The price of energy purchased from the power pool, i.e. λ s (t), is also an uncertain parameter. The variation of this quantity along with the demand values in area a, P a D,s (t), are modeled on a scenario based approach in this paper. The aim of MA-DED is to find the optimal schedule of power generation resources for a given horizon, while the demand of each area is supplied as well as satisfying the technical constraints. Uncertainties in wind power generation, pool market prices and load profile of the system, emerge into a probabilistic MA-DED which is formulated as follows:
C. Total cost of energy procurement
The production cost of i th thermal unit located in area a is defined as:
where a i , b i and c i are the fuel cost coefficients of the i th unit. The total cost paid by the retailer is calculated as follows:
where π s is the probability of scenario s. P p a s (t) is the purchased power from the pool market in time t, scenario s and area a.
D. Thermal unit constraints
1) Generation limits of units
where P max/min i are the maximum/minimum power outputs of i-th thermal unit.
2) Ramp up and ramp down constraints The variation of output power in thermal generating units is limited in transition from time t − 1 to t. This limitation is called ramp rate limit which is stated as follows:
where U R i and DR i are the ramp up/down limits of the i-th thermal unit (MW/hr).
E. Hydro unit constraints 1) Water Balance:
The water balance equations that should be satisfied in each period for hydro unit h at area a are as follows:
where L a h (t) is reservoir volume , I a h (t + 1) is the water inflow, R a h (t) is the released water and S a h (t) is the spilled water is at the end of period t in million m 3 . R max is the maximum released capacity per hour in million m 3 . L a h,ini and L a h,f in are the volume of the water in dam at beginning and the end of the considered horizon, respectively. This constraint means that the volume of water in a reservoir of hydro turbine h in time t + 1 will be equal to its value in the previous period plus the water inflow to its reservoir in time t + 1 minus its own released/spilled water and in time t + 1 plus the released/spilled water of all reservoirs in its upstream in previous hours (with considering time delays τĥ).
2) Water to Power Conversion:
where c a h,1→6 are the characteristics factors of hydro turbine h in area a. Also, P a h (t) is the generated power of unit h in area a and time t.
F. Power balance in each area
For hour t and scenario s within area a, the power balance constraints should be satisfied as follows:
where P a D,s (t) and P w a s (t) are the load demand and wind power generation level in area a at time t and scenario s, respectively. Also, T ie aá s (t) and Cap aá are the flow and limit of the flow for tie-line connecting the areas a &á, respectively. The concept of (7) is depicted in Fig.1 . The values of power demand in each area as well as price values are obtained using the expected and variance values of demand in each area. It is assumed that these values are known using forecasting methods [15] .
where N ormal operator generates random samples using the given expected and variance parameters with The power exchanges between connected areas are equal with opposite signs as follows:
G. Objective function
The retailer in a deregulated electricity market is a profit seeker entity. It tries to maximize its benefits with making proper decisions regarding energy purchase and selling. Thus, the objective function of a rational retailer to be maximized is defined as the total money received from the customers minus the total costs, as follows:
where λ c is the price of energy sold to customers.
III. OPTIMALITY CONDITION DECOMPOSITION (OCD)
In large-scale and multi-area power systems, the dimension of the DED problem is very large and hence the solution-time is very critical for real-time implementation. To speed up the solution process, the MA-DED problem is decomposed to a few simpler subproblems with lower dimensions (i.e. one subproblem for each area), and hence with less computational burden. In this paper, optimality condition decomposition (OCD) [13] is employed for this aim. OCD is a mathematical approach for decomposing a large-scale but decomposable NLP optimization problem to several simpler and independent subproblems.
The decomposition is based on relaxing complicating constraints of the original NLP problem. Complicating constraints are those that if relaxed, the resulting problem decomposes into several simpler problems [13] .
In MA-DED problem, tie-line power exchange constraints (i.e. (12)) are the complicating constraints. By relaxing these constraints, the objective function corresponding to a − th subproblem (i.e. subproblem of a − th area) in k − th iteration of the OCD is described as follows:
where,μ ,are known.
• Step 1: Independently solving of the RSPs in iteration k: In this phase, the RSPs are solved independently, by parallel computation, and the optimal values for all variables are obtained, along with the Lagrange multipliers of complicating constraints (12).
• Step 2: Stopping criterion. The algorithm stops if the objective functions for all RSPs do not change significantly in two consecutive iterations [13] . In other words:
Otherwise, it continues in Step 1.
The flowchart of the proposed OCD algorithm is depicted in Fig. 2 .
IV. SIMULATION RESULTS
The proposed approach is implemented in GAMS [16] environment. It is applied on a 33-units threeareas system [17] . Area 1 consists of 10 thermal generation units, and the total wind generation capacity is assumed to be 250MW in this area. There are 13 thermal generation units in Area 2, and the total wind power generation capacity is assumed to be 150MW for this area. In The hourly price data for scenarios s 1→10 is given in Table. IX (Appendix B). These values are repeated in the upcoming scenarios from s 11→120 . The expected hourly load data in each area is given in Table. X
The reservoir inflows into hydro reservoirs are available in Table. XI. The technical characteristics of hydro units are given in Table. XII [18] (see Appendix B ).
The v c in ,v rated ,v c out are 4, 14, 25 (m/s), respectively.
The percent of producible wind power in each scenario are given in Table I obtained using the method described in Appendix. A. Table. II shows the variations of OF according to iterations of the OCD algorithm. As it is observed from this figure, total number of iterations is 17. Also, the overall CPU-time for this MA-DED problem using parallel computation ability is 71.915 seconds. By solving the above model without using the OCD algorithm, the CPU-time equals to 672.609 seconds. This study implies the fact that utilization of the OCD approach with parallel computation will reduce the CPU-time, drastically (89.3% in this study).
The values of purchased power from pool market in different scenarios are given in Table. III. As it is observed from this table, only in some scenarios the purchased power is non-zero, which are mainly corresponds to scenarios with low wind power generation.
Tables. IV and V presents the hourly schedule of thermal and hydro generation units, respectively. Besides, the hourly schedule for the volume of released water, water head and water spillage are given in Table. VI.
V. CONCLUSION
This paper presents a probabilistic model for multi-area dynamic economic dispatch (MA-DED) problem.
The aim of the proposed MA-DED is to find the optimal schedule of thermal and hydro generation units, by technique is utilized. The proposed approach is tested on a three-area interconnected system to demonstrate its applicability for real-time operation of power systems.
APPENDIX A UNCERTAINTY MODELING
A. Scenario based uncertainty modeling [19] Consider a multivariate function, y = F (X), where X is vector containing the uncertain input values.
The scenario based uncertainty modeling approach is a method for finding the expected value of y which is described as follows: a set of scenarios, Ω s is generated for describing the probable values of X.
where π s is the probability of state s.
B. Wind turbine power generation modeling [14]
Suppose that the probability density function (PDF) of wind speed is known in the region under study and it is described as follows:
The producible power of wind turbine in wind speed v denoted by P w (v) is calculated using (20) .
Where, P w r is the rated power of wind turbine.
The characteristic curve of a wind turbine is depicted in Fig. 3 . The probability that wind speed is in scenario s (∈ [v 1,s v 2,s ]) is calculated as follows:
where v 1,s , v 2,s are the limits of wind speed's interval in state s. The generated power of wind turbine in state t is calculated using the obtained v s and (20) .
APPENDIX B SIMULATION DATA
The simulation data of hydro-thermal units along with price and demand values are given in Table VII to   Table XII . List of figure Captions:
• Figure 1 . The concept of multi area DED
• Figure 2 . The flowchart of the OCD algorithm 
